Higher serum long-chain omega-3 PUFA concentrations, mainly a marker for fish consumption, were inversely associated with QTc and JTc in middleaged and older men from Eastern Finland, but QTc or JTc did not attenuate the inverse associations of the long-chain omega-3 PUFA with SCD risk. This suggests that prevention of prolonged ventricular repolarization may not explain the inverse association of the long-chain omega-3 PUFA with SCD risk.
Introduction
The long-chain omega-3 polyunsaturated fatty acids (PUFA) from fish may have beneficial impact on the risk of cardiac mortality, especially fatal myocardial infarction and sudden cardiac death (SCD), for example by reducing inflammation and lowering blood pressure [1] . However, the impact of the long-chain omega-3 PUFA on the ventricular cardiac arrhythmias, which often precede SCD, is unclear [1, 2] .
The heart rate-corrected QT and JT intervals (QTc and JTc, respectively) on electrocardiogram (ECG) reflect the duration of ventricular repolarization [3] . However, since QT interval includes both repolarization and part of depolarization phases during heart electrical cycle, JT interval (QT duration-QRS duration) has been recommended as the more sensitive measure for assessing abnormality of ventricular repolarization [4] . It has been suggested that abnormal ventricular repolarization (prolonged QT and JT intervals) can predispose to a potentially fatal 1 3 ventricular arrhythmias known as torsades de pointes [3, 5] and increase the risk of SCD [6, 7] .
Few studies have investigated the impact of the longchain omega-3 PUFA on the QTc, and the findings are inconclusive. In dogs, infusion of long-chain omega-3 PUFA shortened the QTc and reduced risk of ischemiainduced fatal ventricular arrhythmias [8] . In populationbased studies, higher fish intake has been related to a lower likelihood of prolonged QT interval and lower risk of cardiac arrhythmias [9, 10] . In contrast, this was not observed in a small study, which investigated the association between the circulating levels of the long-chain omega-3 PUFA, an objective biomarker of exposure to these fatty acids, and QTc [11] . A small randomized controlled trial did not find an impact of fish oil supplementation on the QTc, either [12] . To the best of our knowledge, no previous studies have evaluated the association between the longchain omega-3 PUFA and JT interval.
In addition to the long-chain omega-3 PUFA, fish may contain methylmercury, which has been associated with higher risk of coronary heart disease mortality and SCD in the Kuopio Ischaemic Heart Disease Risk Factor Study (KIHD), the study population for the current analysis [13, 14] . In these studies, higher mercury exposure also attenuated the inverse associations of the long-chain omega-3 PUFAs with the risk of cardiovascular outcomes. There are less data from other studies regarding mercury exposure and risk of SCD, with the only other study showing no association [15] .
We investigated the cross-sectional associations of the serum long-chain omega-3 PUFA with QTc and JTc intervals, as measurements of ventricular repolarization, among middle-aged and older men from the population-based KIHD study. We also evaluated whether high hair mercury concentration, a biomarker for long-term mercury exposure [16] , is associated with QTc and JTc intervals and whether it could modify the associations with the long-chain omega-3 PUFA. In addition, in the secondary analysis we prospectively investigated whether adjusting for QTc or JTc intervals would attenuate the associations of the serum long-chain omega-3 PUFA and hair mercury with the risk of incident SCD. This could suggest the impact on ventricular repolarization as one possible mechanism how these fatty acids and mercury could affect the risk of SCD in this study population [14, 17] .
Methods

Study population
KIHD was designed to investigate risk factors for cardiovascular disease (CVD), atherosclerosis, and related outcomes in a prospective, population-based, randomly selected sample of men from eastern Finland [18] . A total of 2682 men (82.9 % of those eligible) who were 42, 48, 54 or 60 years old and living in the city of Kuopio or its surrounding areas were recruited to the baseline examinations in [1984] [1985] [1986] [1987] [1988] [1989] . The baseline characteristics of the entire study population have been described previously [18] . The KIHD protocol was approved by the Research Ethics Committee of the University of Eastern Finland and complies with Declaration of Helsinki. All the subjects signed a written informed consent.
From the analyses, we excluded participants with a history of CVD (n = 730), or those with missing data on the serum long-chain omega-3 PUFAs (n = 103) or hair mercury (n = 9). Since the wide QRS complex (QRS ≥120 ms) has an effect on the QT interval [4] , we also excluded participants who had the QRS duration ≥120 ms (bundle branch block, n = 429). The levels of exposures and other factors were generally similar between those with normal QRS complex and participants with prolonged QRS (≥120 ms) (P values for differences >0.16). After the exclusions, 1411 men were included in the analysis.
Measurements
Hair and venous blood samples were obtained between 8 a.m. and 10.00 a.m. at baseline examinations. Subjects were instructed to abstain from ingesting alcohol for 3 days and from smoking and eating for 12 h prior to giving the sample. Comprehensive description of the determination of serum lipids and lipoproteins [19] , assessment of medical history and medications [19] , smoking [19] , alcohol consumption [19] , resting blood pressure [19] and physical activity [20] have been reported previously. Hypertension diagnosis was defined as systolic/diastolic blood pressure >140/90 mmHg at study visit, clinical diagnosis of hypertension or use of hypertension medication. Serum C-reactive protein (CRP) was measured with an immunometric assay (Immulite High Sensitivity CRP Assay, DPC, Los Angeles, CA, USA). Dietary intakes were assessed by using 4-day food recording at the time of blood sampling [21] . Education and annual income were assessed by using self-administered questionnaires.
Serum fatty acid and mercury measurements
Serum fatty acids were determined in one gas chromatographic run without preseparation as described previously [22] . Serum fatty acids were extracted with chloroformmethanol. Chloroform phase was evaporated and treated with sodium methoxide, which methylated esterified fatty acids. Quantification was carried out with reference standards purchased from ν-Check Prep Inc. (MN). Each analyte 1 3 had individual reference standard, and recovery of analytes was confirmed with an internal standard eicosane. Fatty acids were chromatographed in an NB-351 capillary column (HNU-Nordion, Helsinki, Finland) by a Hewlett-Packard 5890 Series II gas chromatograph (HewlettPackard Company, Avondale, PA, USA since 1999 Agilent Technologies Inc.) with a flame ionization detector. Results were obtained in micromoles per liter. The coefficient of variation was 9.4 % for eicosapentaenoic acid (EPA, 20:5n-3), 12.7 % for docosapentaenoic acid (DPA, 22:5n-3) and 11.9 % for docosahexaenoic acid (DHA, 22:5n-3). For the serum total long-chain omega-3 PUFAs, we used the sum of EPA, DPA and DHA.
Hair mercury was detected by flow injection analysiscold vapor atomic absorption spectrometry and amalgamation [23] . Repeat hair samples and their mercury content were collected from 21 subjects in 4-9 years (mean, 6 years) after baseline examination to survey the tracking of hair mercury values over time. Pearson correlation coefficient between the original and the repeat measurement was 0.91.
Assessment of ECG
All electrocardiographic intervals and amplitudes were measured automatically from standard 12-lead electrocardiographic recording [24] . Paper speed was 50 mm/s. The QT interval was measured from the onset of the QRS complex to the end of the T-wave; the last was characterized as the intersection of the isoelectric line and the tangent of the maximal slope on the downward limb of the T-wave [25] . Because of the strong correlation between the QT interval and heart rate, the heart rate-corrected QT and JT intervals were calculated by using the Bazett's formula [26] : QTc = QT/ √ RR (RR = the interval between three consecutive R waves in the ECG) [27] ; and JTc: = QTc-QRS.
Ascertainment of follow-up events
All SCD events that occurred by the end of 2013 were included. The sources of information were interviews, hospital documents, death certificates, autopsy reports and medicolegal reports [28] . There were no losses to followup. The diagnostic classification of events was based on symptoms, ECG findings, cardiac enzyme elevations, autopsy findings (80 %) and history of coronary heart disease together with the clinical and ECG findings of the paramedic staff. All the documents related to the death were cross-checked in detail by two physicians. Deaths were coded using to the ICD-9th Revision, codes 410-414 for non-SCD and 798.1 for SCD; or the ICD-10th Revision, codes I20-I25 for non-SCD and I46 for SCD. A death was determined SCD when it occurred either within 1 h after the onset of an abrupt change in symptoms or within 24 h after onset of symptoms when autopsy data did not reveal a non-cardiac cause of sudden death. The deaths due to aortic aneurysm rupture, cardiac rupture or tamponade and pulmonary embolism were not included as SCD.
Statistical analysis
The univariate associations between the serum total longchain omega-3 PUFA (EPA + DPA + DHA) concentration and demographic, lifestyle and clinical characteristics at baseline were assessed by means and linear regression for continuous variables and Chi-square test for categorical variables. Correlations between the individual longchain omega-3 PUFAs were evaluated by calculation of Spearman correlation. The mean values of QTc and JTc intervals in the quartiles of the long-chain omega-3 PUFA and hair mercury were analyzed using analysis of covariance (ANCOVA). Logistic regression models were used to estimate odds ratios (ORs) for prolonged QTc and JTc in exposure quartiles, with the lowest category as the reference. We used the 95th percentile of the distribution of QTc and JTc to define abnormal QTc (≥445.67 ms) and JTc (≥343.83 ms). In the secondary analyses, Cox proportional hazards regression model were used to evaluate the hazard ratio (HR) of incident SCD in categories of the longchain omega-3 PUFA, QTc and JTc. Because of the small number of SCD events, tertiles of the long-chain omega-3 PUFA, QTc and JTc were used. The validity of the proportional hazards assumption was evaluated by using Schoenfeld residuals.
The confounders in the analyses were selected based on established risk factors for CHD, previously published associations with CHD in the KIHD study, or on associations with exposures or outcomes in the present analysis. Two models were conducted to adjust for potential cofounders in the cross-sectional analyses. The Model 1 was adjusted for age (years) and examination year. The Model 2 included the variables in the Model 1 plus body mass index (kg/m 2 ), type 2 diabetes (yes/no), smoking status (never smoker, previous smoker, current smoker <20 cigarettes/day and current smoker ≥20 cigarettes/day), leisure-time physical activity (kcal/day), education (years), income (€/year), treated hypertension (including the use of beta-blockers, yes/no), alcohol intake (g/week) and energy intake (kcal/day). The multivariate-adjusted model (Model 2) was used to evaluate the HR of incident SCD. In the analyses of the PUFAs and hair mercury with the risk of SCD, the model was further adjusted for QTc or JTc. Statistical significance of the interactions on a multiplicative scale was assessed by stratified analysis with hair mercury divided by the median and likelihood ratio tests with a cross-product term.
Cohort mean was used to replace missing values in covariates (<0.5 %). Tests of linear trend across categories were conducted by assigning the median values for each category of exposure variable and treating those as a single continuous variable. All P values were two-sided (α = 0.05). Data were analyzed using the SPSS software version 21 for windows (Armonk, NY, USA: IBM Corp.).
Results
Baseline characteristics
Baseline characteristics of the participants are presented in Table 1 . Men with higher serum EPA + DPA + DHA concentration were more likely to be older and have a higher education, annual income, body mass index, leisure-time physical activity, serum 25-hydroxyvitamin D, serum HDL cholesterol and hair mercury concentrations, and alcohol intake. They also had lower serum total and LDL cholesterol and CRP concentrations and lower total energy intake and were less likely to use beta-blockers. The mean ± SD serum concentrations, as a percentage of all serum fatty acids, were 4.70 ± 1.61 % for EPA + DPA + DHA, 2.64 ± 0.74 % for DHA, 1.69 ± 0.92 % for EPA and 0.55 ± 0.10 % for DPA. The correlations between the individual long-chain omega-3 PUFA were 0.70 for EPA and DHA, 0.56 for EPA and DPA and 0.41 for DHA and DPA.
Association of the serum long-chain omega-3 PUFA with QTc and JTc
After adjustment for age and examination year (Model 1), higher serum EPA + DPA + DHA concentration was inversely associated with the QTc and JTc (the mean difference between extreme quartiles was 3.2 ms (95 % CI Table 1 Baseline characteristics according to quartiles of serum total long-chain omega-3 polyunsaturated fatty acids EPA eicosapentaenoic acid, DPA docosapentaenoic acid, DHA docosahexaenoic acid, HDL high-density lipoprotein, LDL low-density lipoprotein, Q quartile a Results are means (SD) for continuous variables and percentages for categorical data
Variables
Serum total long-chain omega-3 polyunsaturated fatty acids quartile P for trend −0.1 to 6.4 ms, P trend across quartiles = 0.03) for QTc and 4.4 ms (95 % CI 1.1-7.7 ms, P trend across quartiles = 0.006) for JTc, Table 2 ). Further multivariate adjustments had little impact on the associations (Model 2). Additional adjustment for hair mercury content slightly attenuated the associations. For example, the mean difference between extreme quartiles of EPA + DPA + DHA was 2.5 ms (95 % CI −0.8 to 5.9 ms, P trend = 0.08) for QTc and 3.7 ms (95 % CI 0.3-7.2 ms, P rend = 0.02) for JTc (Model 2, other data not shown). Prolonged QTc and JTc were found in 104 (7.4 %) and 101 (7.2 %) of the 1411 men, respectively. After multivariate adjustments, the odds for prolonged QTc was 46 % lower (95 % CI −2 to 72 %, P trend across quartiles = 0.04) and the odds for prolonged JTc was 43 % lower (95 % CI −6 to 69 %, P trend across quartile = 0.08) in the highest versus the lowest serum EPA + DPA + DHA quartile (Model 2, Table 3 ). When the fatty acids were investigated individually, generally similar inverse associations with the QTc and JTc were observed with EPA, DPA and DHA (Tables 2, 3 
Association of hair mercury with QTc and JTc
The mean ± SD hair mercury concentration was 1.9 ± 2.0 μg/g. Hair mercury concentration was not statistically significantly associated with the QTc and JTc (Tables 2, 3 ). Further adjustment for serum long-chain omega-3 PUFA did not materially alter the results [extreme quartile difference 0.7 ms for QTc (95 % CI −2.8 to 4.2 ms, P trend = 0.50) and 1.3 ms for JTc (95 % CI −2.3 to 4.9 ms, P trend = 0.34). We did not find evidence that hair mercury concentration would modify the associations between the serum long-chain omega-3 PUFA, QTc and JTc, either (P for interactions >0.26).
Risk of sudden cardiac death
During the mean follow-up of 22.9 years, 85 SCD events occurred (6.0 % of the men). Serum EPA + DPA + DHA was associated with a lower risk of SCD [multivariateadjusted extreme tertile HR 0.50 (95 % CI 0.29-0.86; P trend = 0.02)] (Online Resource 1). Similar association was observed with DHA, but the associations with EPA and DPA were weaker and not statistically significant. However, further adjustment for QTc or JTc had no impact on the associations (Online Resource 1). Hair mercury was not associated with the risk of SCD (Online Resource 1).
After adjustment for age and examination year, both the QTc and JTc were associated with a higher risk of SCD [HR 2.18 (95 % CI 1.26-3.78; P trend = 0.026) in the highest vs. the lowest tertile of QTc] and [HR 1.89 (95 % CI 1.11-3.21; P trend = 0.017) in the highest vs. the lowest tertile of JTc] (Online Resource 2). Further adjustments for potential confounders attenuated the associations, and they were no longer statistically significant.
Discussion
In this study among 1411 middle-aged and older men free of CHD from Eastern Finland, we found that the serum long-chain omega-3 PUFA were inversely associated with QTc and JTc. However, adjusting for QTc or JTc did not attenuate the inverse associations between the long-chain n-3 PUFA and risk of SCD. Hair mercury concentration was not associated with the QTc, JTc or risk of SCD; however, it slightly attenuated the associations of the longchain omega-3 PUFA with QTc and JTc.
To our knowledge, only one small study has evaluated the association of the circulating long-chain omega-3 PUFA with the QTc in human subjects [11] . In that study, higher concentration of the long-chain omega-3 PUFA was not associated with the QTc duration among 53 healthy men and women with the mean age of 31 years. In contrast, Billman et al. [8] found that infusion of 1.0-10 g free longchain omega-3 PUFA to 13 dogs resulted in shortening of the QTc. Among 5096 men and women aged ≥65 years from the Cardiovascular Health Study, higher intake of fish and long-chain omega-3 PUFA was associated with a significantly lower likelihood of prolonged QTc [9] . Similarly, Chrysohoou et al. [10] found that, among 3042 men and women aged 18-89 years, those who consumed more than 300 g fish/week had, on average, 14 % lower QTc. In contrast, no effect on the QTc was found in a small randomized controlled trial by Geelen et al. [12] among 42 healthy middle-aged men and women after 12-week supplementation with 3.5 g/day of fish oil. However, the small size of the trial makes it difficult to draw conclusions on the effectiveness of fish oil supplementation in lowering of the QTc. To the best of our knowledge, this is the first study that evaluated the association between the long-chain omega-3 PUFA and JT interval. A possible mechanism underlying the inverse association between the serum long-chain omega-3 PUFA and QTc and JTc may be explained by the impact of the longchain omega-3 PUFA on the ventricular repolarization process. Ventricular repolarization is a complicated process, which is attributed by membrane ion channel activity, cellular ion concentration and autonomic tone [29] . Beneficial impact of the long-chain omega-3 PUFA on the ventricular repolarization may result from the role of these fatty acids in the function of ion channels in heart cell membranes, such as reduction in the activity of membrane sodium channels and modulation of the activity of membrane L-type calcium channel, which are essential for heart rhythm [30] . The serum long-chain omega-3 PUFAs could also be a marker for some other compounds in fish, such as selenium or vitamin D. However, a recent study did not find an association between vitamin D and QT interval duration [31] , and in our study there was no difference in serum selenium concentrations in the quartiles of the serum long-chain omega-3 PUFA, suggesting that these compounds would not explain the associations with the fatty acids.
In the current study, we found that higher serum longchain omega-3 PUFA concentration was inversely associated with the risk of SCD. This finding is consistent with the previous finding in KIHD [13] . We also observed suggestive associations between the duration of QTc and JTc and the risk of SCD, which supports the previous findings that indicated that abnormally prolonged QTc may be a risk factor for SCD [6, 7] . However, adjustments for QTc or JTc did not attenuate the associations between the serum long-chain omega-3 PUFA concentrations and risk of SCD. This suggests that the inverse associations of the long-chain omega-3 PUFA with the risk of SCD are not explained by their inverse associations with the QTc and JTc. One possible explanation is that the impact of the long-chain omega-3 PUFA on QTc and JTc among these generally healthy men is not strong enough for it to attenuate the associations with the risk of SCD.
We have previously found that higher hair mercury concentration, reflecting long-term exposure to mercury, was associated with a higher risk of CVD, including coronary heart disease mortality and SCD, in the KIHD cohort [14, 23] . In those studies, the inverse associations of the longchain omega-3 PUFA with the CVD outcomes were also stronger after adjusting for hair mercury. In the current study, we did not find such associations, but instead adjustment for mercury slightly attenuated the associations with the long-chain omega-3 PUFA. This might be explained by the inverse, although not statistically significant, association between hair mercury and QTc and JTc. Although there is some evidence that mercury exposure can affect heart rate variability [16] , our findings do not support an adverse impact on the QTc and JTc.
The strengths of our study include the use of serum longchain omega-3 PUFA and hair mercury instead of dietary intakes, both established biomarkers for intake [16, 32] . Because serum fatty acids and hair mercury are objective biomarkers for exposure, their use reduced the bias by misclassification, which would reduce the associations toward the null. Other strengths include the extensive examination of potential confounders and a rather large study population with data on ECG parameters. Correcting the QT and JT intervals for heart rate and excluding participants with prolonged QRS complex likely reduced the inter-person variability, which improved the sensitivity to find associations between the fatty acids and hair mercury and ECG parameters. A potential limitation was that the participants were middle-aged and older men from Eastern Finland, so the findings may not be generalizable to other populations or to women. Although the analytical variabilities in the serum fatty acid measurements (CV%) in our study were similar to or lower than what has been reported in other studies [32] , such variability could attenuate the true associations between the fatty acids and outcomes. In the analyses with incident SCD, the long follow-up may have attenuated the associations, which were based only on single exposure assessment at baseline. Despite the long follow-up, we had a limited number of incident SCD events, which limited the power to find statistically significant associations with SCD risk. Also, because of the observational study design, conclusions about causality cannot be drawn.
In conclusion, higher circulating concentrations of the long-chain omega-3 PUFA, mainly a marker of fish consumption in this study population, were inversely associated with QTc and JTc in middle-aged and older men from eastern Finland, whereas mercury exposure had no association. However, because adjustment for QTc or JTc did not attenuate the associations of the long-chain omega-3 PUFAs with the risk of SCD, our results suggest that the inverse association of the long-chain omega-3 PUFA with the SCD risk is not explained by the prevention of prolonged ventricular repolarization in this study population. Further studies in diverse study populations are needed to elucidate the impact of the long-chain omega-3 PUFA on ventricular repolarization and to investigate other potential mechanisms, which could explain the inverse association of these fatty acids with the risk of SCD.
